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ABSTRACT 

~ i . x  o r g a n i c  oxygen compounds, r e p r e s e n t i n g  s i x  p o i n t s  on a  

C - H - 0  t e r n a r y  diagralil, were sub j ec t ed  t o  a  h igh  energy e l e c t r o d e -  

l e s s  R.F. d i s cha rge .  The c o n c e n t r a t i o n s  of t h e  gaseous ?soduc ts  

were compared t o  t h e  c o n c e n t r a t i o n s  computed f o r  thermodynamic 

equ i l i b r ium a t  t h e  exper imenta l  c o n d i t i o n s .  The r e s u l t s  shox 

t h e  n a j o r  p roduc t s  t o  be p r e s e n t  i n  approximately  t h e  same pr3-  

p o r t i o n s  a s  c a l c u l a t e d ,  and t h e  p r e d i c t e d  a s p h a l t  t h r e s h o l d  i s  

a l s o  shown t o  e x i s t .  The n a t u r e  of t he  s o l i d  product  fornecl i s  

d i s cus sed  i n  terms of p r e s e n t  t h e o r i e s  on t h e  o r i g i n  of  hydrocarbons 

i n  carbonaceous c h o n d r i t e s .  A quasi-equilibrium i s  suggested t o  

account f o r  t h e  format ion of  p roduc ts  r a t h e r  t han  a t r u e  thermo- 

dynamic equ i l i b r ium.  

*This work was suppor ted  i n  p a r t  by t he  
Aeronaut ics  and Space Adminis t ra t ion .  
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S i n c e  0par i .n  1.938 f i r s t  p r o p o s e d  t h a t  t h e  nr .e i ) i .o lngica l  

a tmosphere '  of t h e  E a r t h  !tra.s of  3 r e d ~ c S . i ~ g  n z t n r e ,  many r \ i o r k e r s  

t l i l l e r  (1955), Ponnnriiperwna, e t  a l .  (1.963) and  Sanchez., e t  a 1 .  (1966); 

have  s!.:.own t h a t  coxp lex  o r g a n i c  conpounds can  be s y n t h e s i z e d  i n  

t h e s e  c o n d i t i o n s  i f  s u f f i . c i e n t  ene rgy  i s  supp l i ed .  t o  t ? l e  s y s t e x .  

The s u c c e s s  of t h e s e  exl:eri~;ients has  s u g g e s t e d  t h a t  t h e  concen-  

t r a t i o n s  o f  coa:pl.ex n l i x t u r e s  of g a s e s  ca.n I)e cal.culatec! f o r  a. 

therr.~oclynamic e q u i l i b r i . u ? n ,  and t h e  p red i . c t ed  ar,lounts o f  t h e  

riiol.ecules formecl may be  compared t o  t h e  e x p e r i . n ~ e r ~ t a l  ~ e s u l t s .  

The co i?pu t8 t iona l  ~?~e t !?od  f o l l o ~ a ~ e d  i n  t h e  p r e s e n t  :+:ark i s  

t h a t  developed by I J h i t e ,  e t  a 1 ,  (1958), i.n 1tr5ich t h e  e a u : l l i b r i u m  

c o n c e n t r a t i o n s  o f  Elany c o ~ p o u c d s  a.re. c a l c u l a . t e d  by  n i n i r , ~ i z i n g  

t h e  t o t a l  f r e e  ene rgy  of  t h e  s y s t e ~ n ,  The d i . s t r i .5u t i .on  o f  t h e s e  

con:pounds a t  e q u i l i b r i u m  i s  independent  o f  tl-re s ? > e c i f i c  r e ~ c t i o n s  

o c c u r r i n g ,  t h e  o z l y  r e q u i r e n e n t  5 e i n g  t 5 e  e x i s t e n c e  of  a t  l e a s t  

one r e v e r s i b l e  r e a c t i o n .  n a t h  frcm t P e  n n j o r  c e a s t i t u e ? > t  l?;r ~:r!lich 

e a c h  co.ipou~:cI c21: be f o r n e d .  T!lj s r e e c t  i o n  17ath i s  ?c:?endent 

o n l y  on p r e s s u r e ,  t e x p e r a t u r e  and e l  e n e ~ t a l  c o ~ p c s i t i o n ,  a n d  

t h e r e f o r e  t i le eq i l i l i l~ r iu r i l  const; . lnts o f  a l l  g o s s i b l e  r e a c t i o n s  

a r e  s a t i s f i e d ,  

13ayhoff, e t  a1 . (  1 9 6 4  and  Tcl-, e t  a l .  (1966) ]lave Sieveloye? 

such  a co i iputer  F rogran  l?y a ~ ~ l i c ' l  t h e  e ? u i l i b r i u ~ ~  concc l : t r2 t i r jn s  

of  o v e r  500 cori?ounc's c o n t a i ~ i r g  UF t o  2 5  e l e n e r , t s  car, be co--:;7utec7 

f o r  a ~:i dc c r t ~ r ~ p n r ; ~ t u r c s  ?r id  Dressvre?. 'r"7 r r e s c r  t v:orl: 

involvecl  s e l  e c t i q  $ 7 . ~ ~ r ~ ~ h c r  o f  o r 2 2 n i c  cc r , :~o~ l rSq  F I ' ~ ~  t '  e~ c c ~ ? l l t i : l g  

t ! ~ e  cc:uil i l ) r iu r? ,  ccrLce:itr;7 t i o n s  o f  t 4 e s c  cc~ , : ,ou~r l s  f ~ l r  t ' : ~  S ~ X  C - F i - ( 7  



eler, lerrtal  coapos i  t i o n s  which c o r r e s p o n ~ i  t o  t h c  corn?o~:ncls usecl, 

The ene rgy  r e q u i r e d  t o  overcome t h e  a c t i v a t i o n  e n e r g i e s  f o r  

t h e  v a r i o u s  r e a c t i o n s  was s u p p l i e d  by an e l e c t r o d e l e s s  R,F. d i s -  

c h a r g e ,  Pihen a  t u b e  of  g a s  i s  i n s e r t e d  i n t o  a  w i r e  I ~ e l i x  which 

i s  e x c i t e d  w i t h  R , F , , ,  i t  a c t s  as a secondary  i n  a t r a n s f o r m e r ,  

and t h e  g a s  i s  p a r t i a l l y  i o n i z e d  a s  'a r e s u l t  o f  d i e l e c t r i c  l o s s .  

I f  t h e  e x c i t a t i o n  i s  g r e a t  enough t h e  i o n i z a t i o n  i s  es sen t i . a l J -y  

~ 0 1 i l i ) l e t e  and t h e  r e s u l t a n t  plasma a p p r o x i x ~ a t e s  t o  a s h 3 r t e d  t u r n  

t h e  i n d u c i n ~  c o i l .  

Dayhoff ,  e t  al- ,(1964) silowed t h z t  C-2-0 s y s t e ~ i s ,  e i t ? ~ e r  a l o n e  

o r  c o n t a i n i n g  o t h e r  e l e m e n t s ,  c o u l d  be r e p r e s e n t e d  on t e r n a r y  

d i a g r a m s ,  e a c h  d iagram hEving t h r e s h o l d s  where t h e  c o n c e n t r a t i o n s  

o f  compounds change  by s e v e r a l  o r d e r s  o f  n a g n i t u d e ,  s e e  F i g ,  I .  

The oxygen t h r e s h 0 1 2  i s  r e p r e s e n t e d  by t h e  C02-1120  l i n e ,  and 

below t h i s  t h r e s h o l d  o n l y  C02, E20 and O 2  c a n  e x i s t  i n  a p p r e c i a b l e  

c o n c e n t r a t i o n .  The p o s i t i o n  6f t h e  a s p h a l t  t h r e s h o l d  c h a n ~ e s  w i t h  

t e m p e r a t u r e  a-nd p r e s s u r e ;  f o r  e l e m e n t a l  c o m p o s i t i o n s  abovc t h i s  

l i n e ,  benzene and a  l a r g e  nunber  of  p o l y n u c l e a r  a r o m a t i c s  c a n  form, 

For  s i f i l p l i c i t y ,  t h e s e  p o l y n u c l e a r  n r o ~ a t i c s  a r e  g r o ~ r p e d  under  t h e  

name a s p h a l t ,  which i s  a compos i t e  cospound rep resen tec l  by a  fo rmula  

C 2 2 H 1 2 ,  h a v i n g  100 i somers .  The f r e e  e n e r g y  was c a l c u l a t e d  u s i n g  

t h e  grou? c o n t r i b u t i o n  method of  \ lapL K r e v e l i n ,  e t  a l .  (1958. 

G r a p h i t e  niay be c o n s i d e r e d  t o  be t h e  end p r o d u c t  o f  t h e  p o l y -  

m e r i z a t i o n  o f  a s p h a l t ,  and even a t  f a i r l ) -  h i g h  t e m p e r a t u r e s ,  t h e  



a c t i v a t i o n  e n c r g ) ~  f o r  i t s  fori :!ntion scc r , s  t o  'nc v e r y  h i g F ,  2nd 

f o r  t h i s  r e a s o n  it i s  o r n j t t e d  from t h e  cor l !puta t ions ,  

The appara tus  used  i s  shown i n  c i g ,  11, The R . F .  generator 

was o p e r a t e d  a t  n f r e q u e n c y  o f  1 0  :!I-Iz w i t h  a n!axin:um D , C .  j n p u t  

power o f  1125 a i a t t s ,  The s y s t e n  tras a p p r o x i n a t e l y  6 0 %  e f f i c i e n t  

i n  m n v e r t i n g  t h e  D.C. t o  2 . F .  and c o u p l i n g  t h e  !?.I?, t o  t h e  p l a s m a ,  

Power t r a n s f e r  f r o c ~  t h e  P.,F. g e n e r a t o r  t o  t h e  p l a s ~ \ a  depends  on 

p r o p e r  impedence  r : la tching,  ancl , s i n c e  th t :  f r e q u e n c y  o f  t h e  g e n e r g -  

t o r  c o u l d  n o t  b e  a l t e r e d ,  c o r r e c t  r i iatching c o c l d  o n l y  be  inside by 

a d j u s t i n g  t h e  p r e s s u r e  o f  t h e  g a s ,  t h e  o p t i r u m  p r e s s u r e  b e i n g  

i n  t h e  r e g i o n  o f  2 0  t o r r ,  

P u r e  conpounds  were  u s e d  f o r  t h e  g a s  s a c p l e s  s o  t h a t  t h e  e l e -  

m e n t a l  c o n p o s i t i o n  was a c c ~ ~ r a t e l y  knov:~,  and a f l o w  s y s t e ~ i r  was 

employe2  s o  t h a t  t h e  f o r m a t i o n  o f  a s o l i d -  d e p o s i t  d i d  n o t  change  

t h e  o v e r r t l l  c o n p o s i t i o n  o f  t h e  r e a c t i n g  gas  by a  v e r y  l a r g e  d e g r e e .  

TIVO t y p e s  o f  p l a sma  were  o b s e r v e d .  The f i r s t  hac! t h e  a p p e a r a n c e  

o f  a glow d i s c h a r g e  w i t h  a low i n t e n s i t y  b l u e  glow.  The s e c o n d  

t y p e  o f  p l a sma  w a s  terrned a ' f l a m e  p l a s m a '  s i n c e  a d e n s e  p i n k  

f l a m e  was fo rmed  i n  t h e  c e n t e r  o f  t h e  r e a c t i o n  t u b e .  Samples  n r o -  

d u c i n g  a  glow d i s c h a r g e  d i d  n o t  fo rm a s o l i d  p r o d u c t  w h i l e  t h o s e  

p r o d u c i n g  a  f l s m e  p1asr:ia d e p o s i t e d  a  s o l i d  a ln to s t  i l - i imediately on 

t h e  w a l l s  o f  t h e  r e a c t i o n  t u b e ;  t ? l e  f l ame  was t h e r e f o r e  p r o b a b l y  



c a u s e d  by i n c a n d e s c e n t  p a r t i c l e s  formed from r e a c t i o n s  i n  t h e  

plasnta ,  A gloi' d i s c h a r g e  was nl-oduced by each  sarn?le a t  lo\,! 

p r e s s u r e ,  b u t  i n  t h e  r e g i o n  between 1 2  and 17  t o r r .  some samples  

g r a d u a l l y  t r a n s f o r m e d  from a glow d i s c h a r g e  t o  a  f l ame  p lasma,  

w h i l e  o t h e r s  remairled unchanged. Above 20 t o r r , ,  a p r e s s u r e  was 

r e a c h e d  w i t h  each  sample where t h e  plasma would s e l f - d e s t r u c t .  I t  

was a l s o  n o t e d  t h a t  a  s u f f i c i e n t l y  h i g h  vapour f low r a t e  was 

n e c e s s a r y  f o r  t h e  p r o d u c t i o n  of a  f lame plasma,  and l i q u i c l s  v i t h  

low vapour  p r e s s u r e s  c o u l d  n o t  be used f o r  t h e s e  e x p e r i m e n t s .  

E i g h t  conpounds. were s t ~ ~ d i e d ,  r e p r e s e n t i n g  s e v e n  C-I-I-CI 
' 

cor i ipos i t ions  2s dcno tcd  by t h e  l e t t e r s  A t h rough  T; on t h e  t e r n a r y  

d iag ram on F i g .  I ;  t h e s e  conpounds an2 t h e i r  e l e m e n t a l  c o ~ i p o s i t i o n s  

are g i v e n  i n  T a b l e  I .  Composi t ion G r e p r e s e n t s  t h e  two i s o n e r s  

me thy l  a c e t a t e  and ethyl .  f o r m a t e  ;ihose g a s  p roduc t s  were q u a n t i -  

t a t i v e l y  compared, 

A t  t h e  end o f  t h e  e x p e r i m e n t ,  p a r t  of  t h e  g a s  s a n ~ l e  was c o l -  

l e c t e d  i n  a 1 - m e t e r  1 . 3 .  g a s  c e l l ;  t h e  a p p a r a t u s  !tra.s t h e n  f i l l e d  

r v i t l - r  300  t o r r ,  of h e l i u m ,  and a sample o f  t h e  r e s u l t a n t  gas  was 

c o l l e c t e d  i n  a gas p i p e t t e  - .  f o r  a n a l y s i s  by g a s  ~ h r o m ~ t o g r a p h y .  A 

V a r i a n  A e r o g r a p ? ~  1520B gas  chromatograph was u s e d ,  w i t 1 1  a  Linde  

5B m o l e c u l a r  s i e v e  column and a  t h e r m a l  c o n d u c t i v i t y  d e t e c t o r ,  

RESULTS 

The I ,?? .  s p e c t r a  and g a s  c h r o ! ~ a t o g r ~ m s  f o r  c o r l p o s i t i o n s  I3 

througfi  G appeasd  t o  he e s s e n t i a l 1  y t h e  salte w i t 1 7  l a r y e  a-lounts 

o f  I i 2 ,  C l i 4 ,  C ( l  2nd C2112 ar-6 r e l a t i v e l y  s i ) , s l l e r  n ~ : a n t i t i e s  o f  S Z I i 4 ,  

C 2 ; l 6 ,  C g l i s  and C 0 2 .  T h e  q u a n t i t i e s  of a c e t y l e n e ,  et!lyler?e a r d  

e t h a n e  r tere  obse rved  i n  t '?e o r d e r  C 2 F ! 2 > C i i ! , l ) C 2 1 i 6 .  



The C C  clctectecl on ly  Cn2, CO and I!2 a t  c o i ~ ; ~ o s i t j o n  A ,  and  

t h e  p r e s e n c e  o f  t irater 113s de tec tecS  by c a s s  s p e c t r o r l c t r y  jn  a gas  

sample tshich was n o t  p a s s e d  th rough  t h e  CQ2-ace tone  t r a p .  

The p r o d u c t s  from t h e  two i s o x e r s  o f  c o n p o s i t i o n  G were cox-  

p a r e d  by  d e t e r ~ ~ l i n i n g  a ~ e r c e n t a ~ e  of  t1.e t o t a l  a r e a  uncler e a c h  

peak i n  t h e  G C .  The r e s u l t s  i n  Tab le  I1 s'lior:' t h a t  t h e  coclposi-  

t i c n  of  t h e  g a s  m i x t u r e s  a r e  l a r g e l y  independen t  01 t 5 e  n a t u r e  

o f  t h e  s t a r t i n g  m a t e r i a l  h u t  dcpend on i t s  e l e n e n t a l  c o m p o s i t i o ~ ~ ,  

NATUI>-E G F  TIIE SOLID DEPOSIT 

The d i f f e r e n c e  b e t v e e n  t h e  n a t u r e  of  t h e  p1as:nas seen  vrith 

coc lpos i t ions  A ,  I3 and C and w i t h  r) ,  E and F d e n e n s t r a t e  t ? ~ e  

e x i s t e n c e  of  t h e  a s g h a l t  t h r e s h o l d  p r e i l i c t e d  by Dayhoi'f, e t  a l , ( lS54Jb 

G r a n h i t e  c c u l d  n o t  b e  d e t e c t e d  i n  l a r g e  q u a n t i t y  i n  t h e  s o l i d  d e n o s i t ,  

which l e n d s  c r e d e n c e  t o  t h e  approximat ion  made by Dnyhoff a s  t o  

i t s  r a t e  of f o r m a t i o n ,  The a c t u a l  n a t u r e  of  t h e  s o l i c l  d e p o s i t ,  

however ,  was d i f f i c u l t  t o  d e t e r m i n e ,  and d i f f e r e n t  co'lorec! r e g i o n s  

c o u l d  be obse rved  on t h e  n a l l s  o f  t h e  t u b e .  Black  r i n g s  f o r n e d  

a t  t h e   to^: and bot tom o f  t h e  t u b e ,  and between t h e s e  t h e  c o l o r  

would v a r y  f r o a  brown t o  l i g h t  ye l lo : .~ .  ; ' lost  p a r t s  of  t h e  d e p o s i t  

would f l u o r e s c e  g r e e n  i n  U . V .  l i g h t  i n d i c a t i n g  t 5 e  p r e s e n c e  o f  a r o -  

m a t i c s ,  The y e l l o ~ c  s o l i d  was main ly  an a l . i p h a t i c  polymer ,  w h i l e  

t h e  o t h e r  a r e a s  c o n t a i n e d  a s p h a l t i c  cornpounds and a  v e r y  s m a l l  

amount o f  f i n e l y  d i v i d e d  g r a p h i t e ,  I t  v:as found t h a t  t h e  s o l i d  

was p a r t i a l l y  s o l u b l e  in b e n z e n e ,  t h e  s o l u t i o n  b e i n 2  h i q h l y  

f l u o r e s c e n t ;  t h e  I . R .  snec t ru r !  o f  a mul l  o f  t h i s  f r a c t i o n  i n  



1 , 3  : I lexac i~loroI i r l ta6 iene  i n  t h -  r e g i o n  E r o ~ n  3300- 2 9 0 9  cri-I  sl~nl \~er '  

t h e  p r o s e n c e  o f  ri.ilire 2 r o ~ : ; a t i c  t h a n  a l i p h a t i c  C-1: l~o r lds ,  Anafysi.; 

o f  t h i s  f r c l c t i o r ~  b y  t h i n - l a y e r  and pas chror ia togr~p! ly  was r z t h e r  

i n c o n c l u s i v e ,  b u t  s u c h  p o l y ~ u c l e a r  3ro :na t ics  a s  p y r e n e ,  chr)7sc11e, 

co ronene  and i l u o r a n t h e n e  have been i d e n t j f i e d ,  The f r a c t i o n  7;Fich 

i s  i n s o l u b l e  i n  benzene  f l u o r e s c e s  a v e r y  l i g h t  b l u e  ~ ~ i t h  Tf,V, I i g ? l t  

a n d  t h e  I . R .  spec t rum i n d i c a t e s  p r e d o x i n a n t l y  p a r a f f i n i c  C-I-I bonds .  

Thi.s i s  a  s i n i l a r  r e s u l t  t o  t h a t  found by many workers  i n v e s t i g a t i n g  

t h e  p o l y m e r i z a t i o n  o f  a c e t y l e n e  t o  cuprene  by,  f o r  exal;:nlc s i l e n t  and 

s e n i - c o r o n a  d i s c ? ~ a r g e , . c l o c l i l e r ,  et ;!I. (1943), e l e c t r n r ,  i r r a c ! i a t i o n ,  

,Jones (1960), ar,d :<-ray p o l y i i ~ e r i z a t i o n ,  L ind ,  e t  a l .  (1926, 

I t  i s  i n t e r e s t i n g  t o  conparc  t h e  s o l i d  p r o d u c t  o h t a i n e d  i n  

t h e s e  e x p e r i m e r t s  w i t h  t h e  e x t r a c t e d  from carbonaccous  c h o n d r i t e s ,  

Anders 1 9 6 3  s t a t e s  t h a t  n o s t  of t h e  hydroca rbons  he f i n d s  a r e  set1;r-  

a t e d ,  and t h e r e  i s  l i t t l e  e v i d e n c e  f o r  p o l y n u c l e a r  a r o m a t i c s  w i t h  

n o r e  t h a n  two r i n g s .  E r i g g s  1962 a l s o  s t a t e s  t h a t  t b e r e  i s  e v i d e n c e  

of c o m p l e t e l y  i n s o l u b l e  o r g a n i c  n a t e r i z . 1  i n  ca rbonacecus  c h o n c l r i t e s ,  

which a p p e a r s  t o  be a h i g h  m o l e c u l a r  v:eight hydrocarbon ~ o l y ~ e r  

s i m i l a r  t o  t h e  benzene  i n s o l u b l e  C r a c t i o n  Formed i n  t h e  p r e s e n t  e x -  

p e r i ~ n e n t s .  I-lol~~ever ir! a  l a t e r  p a p e r ,  E r i g g s  (1962) r e ~ o r t  t h a t  a r o -  

ma2ics  e r e  p r e s e n t  and  form a f a i r l y  h i g h  p r o p o r t i o n  o f  t i le  t o t a l  

hydrocarbon c o n t e n t ,  a l o n g  w i t h  t h e  s a t u r a t e d  and u n s a t u r a t e d  a l i -  

p h a t i c  g o l y n e r s ;  9 5 %  o f  t h e  o r g a n i c  m a t t e r  he  f incls  i s  u n i d e ~ t i f i e d ,  

Ilayes (1967), i n  a  revier ;  a r t i c l e ,  suc ln2r izes  t i le r e c e n t  i n v e s t i g a t i o n s  

i n t o  t h e  o r g a n i c  c o n s t i t u t c n t s  o f  i i ? e t e o r i t o s ,  2nd co:.les t o  t h e  



c o r ~ c l u s i c n  t h a t  t h e  r e s u l t s  o f  t h e  nany  a n a l y s e s  o f  c a r l ~ o n a c e o u s  

c h o n d r i t e s  show abou t  30% of t h e  t o t a l  c a r b o n  p r e s e n t  t o  be e x -  

t r a c t a b l e  i n t o  o r g a n i c  s o l v e n t s ,  and c o n s i s t s  of b o t h  a l i p h a t i c  and 

a r o x a t i c  Ilyclrocarbons; t h e  r e m a i n i ~ g  7 0 %  a p p e a r s  t o  be t i e d  up jn  a n  

o r g a n i c  p o l y ~ . ~ e r ,  

Flost r e c e n t l y ,  S t u d i e r ,  e t  a l ,  (1961) made a  d e t a i l e d  s t u d y  of  

t h e  coc lpos i t ion  o f  hydroca rbons  found in ca rbonaceous  c h o n d r i t e s  

and o f  hydroca rbons  rnade s y n t h e t i c p l l y  front ~ n i x t u r e s  o f  c a r b o n  

monoxide and d e u t e r i u r i  u s i ~ g  i r o n  m e t e o r i t e  pov6-er a s  c a t a l y s t .  

A t  1av  t c m r e r a t ~ l r e s ,  s t r a i g h t  c h a i n  p z r a f f i n s  and o l e f  i n s  p r e c o n i -  

n a t e  s y n t l i e t i c a l l y ,  w i t h  a  s low c o n v e r s i o n  t o  arorrlatics on stis- 

t a i l l e d  re11eati1.12, ~ d i i l e  a t  9 0 0 ~ ~  p o l y n u c l e a r  aromatics v e r e  ob-  

t a i n e d  i n  h i g h  y i e l d ,  They r e c o n c i l e  t h e s e  r e s u l t s  w i t h  t h e  

a n a l y s i s  of  t h e  o r g a n i c  c o n s t i t u e n t s  o f  ca.rhonaceous c h o n d r i t e s  

by p r o p o s i n g  a t w o - s t a g e  ~zechan i sm,  The f i r s t  s t e p  i .nvolves a 

F i s c h e r - T r o p s c h  s y ~ t h e s i s  which can  o c c u r  a t  h i g h  M-C r a t i o s ;  t h e  

hydroca.rbor.s cond-ense i n  t h e  m e t e o r i t e  and becol;:,e i s o l a t e ;  Z r n m  

the .  hydrogen-r ici-1 gas  p h a s e ,  I n  t h e  second. s t a g e ,  sir:cz tl!e comgo- 

s i t i o n  of t h e  ca rbon-hydrogen  sys tem now l i e s  i n  t h e  a s p h n l t  r e g i c n ,  

e q u i l i b r a t i o n  c a n  o c c u r  o v e r  a  l o n g  t i m e  s c a l e  causi .ng t h e  con-  

v e r s i o n  of  a l i p h a t i c  t o  a ro ina t i c  m o l e c u l e s ,  

The r e s u l t s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  can  be  r e c o n c i l e d  w i t h  

t h e  t h e o r i e s  c f  S t c d i e r ,  e t  al, (1.9GS) aanc! t h e  o b s e r v a t i o n s  o:E t h e  

m o t h e r  Tvor!:ers, ~! !e  bl.ac!< r i n g s ,  wl-tich form on t h e  1: ia l ls  o f  tke 



r e a c t i o n  t u b e  a n d  c o n s i s t  l 2 r g e l y  c f  p o l y n u c l c a r  a r r u l a t i c s ,  r;la;i 

be  consic lcrecl  t o  be  fo r r i ed  h y  e q u i l i b r i  ~r:.: p r o c e s s e s ,  v ~ h e r e a s  

t h e  l i g h t e r - c o l o r e d  r i n g s  c o n t a i n i n g  p re i lo r ; l inan t ly  a l j p h a t i c  

h y c l r o c a r l ~ o n s  a r e  forrncd c l o s e  t o  t h e  c e n t e r  o? tE.e p l a s n ~ a  ap+. 

c o n d e n s e  b , e fo r e  e q u i l i h r i u n  i s  a t t a i n e z ,  

CO;\IPRI?I SOX "\' ITf! COI ;PIJTBT I O?TS 

F o r  c o m p o s i t i o n s  A t h r o u g h  F, c o n c e n t r a t i o n s  o f  o v e r  t h i r t y  

com~cund .s  \:ere c~ i ;~pu t e r !  f o r  t h e r n t o d y n a ~ ~ i c  e o u t l i b r i t l v  a t  t e c l ~ c r 2 , -  

t u r e s  be t r secn  500' and  2000~1: .  A l l  cor;lyour,cls \ ,rere esstlexed t o  h e  

i n  t h e  g a s  p h a s e  w i t h  t o t a l  p r e s s u r e  o f  2 0  t o r r .  F i v e  m a j o r  

conlpounds were  s e l e c t e d  f o r  a coc lpa r i son  b e t w e e n  c o ~ ~ u t e d  a n d  

e x p e r i m e n t a l  c o n c e n t r n t  i o n s  ; t h e s e  a r e  h y d r o g e n ,  n e t t l n ~ e ,  a c e t y -  

l e n e ,  c2-rhon nlonoxide and  c a r b o n  d i o x i d e ,  T h e i r  corputec! c o n -  

c e n t ~ a t i o n s  a t  t e r i t p e r a t u r e s  f rom 500° t o  2 0 0 0 ~ ~  a r e  shown i n  

T a b l c  111 t o g e t h e r  w i t h  t h e  o b s e r v e d  c o n c e n t r a t i o n s  c a l c u l a t e d  

f r o n  t h e  a r e a  u n d e r  t h e  p e a k s  on t11e gas  ch rc r . a t og ram.  

I t  may b e  s e e n  t h a t  t h e  m a j o r  s n e c i e s  a t  5 0 0 ~ ~  a r e  c o ~ p l e t e -  

l y  d i f f e r e n t  f rom t k o s e  o v e r  1000°K, F o r  c o n p o s i t i o n s  i n  t h e  

a s p h a l t  r e g i o n ,  me thane  and  C 0 2  a r e  t h e  m a j o r  conpounds  p t  5 0 0 ° ~ ,  

b u t  h y d r o g e n  a n d  CC) b e c a v e  dorninant  above  1 0 0 0 ° ~ ,  t v h i l e  aho ve  

1 4 0 0 ~ ~  CW4 and  C02 d e c r e a s e  t o  a l m o s t  n e g l i g i b l e  a n o u n t s .  A t  s t i l l  

h i g h e r  t e ~ ; ~ p e r a t u r e s ,  a c e t y l e n e  becomes an i m p o r t a n t  c o n s t i t u e n t ,  

The r e s u l t s  f o r  corii-positions i n  t h e  a s n h r t l t  r e g i o n ,  D, E and 

F ,  a r e  b e s t  e x p l a i ~ e d  by  a t e n p e r a t v r e  i n  t h e  r a n g e  1 3 0 0 ~ - 1 5 0 0 @ ~  



whereas  t h c  e f f cc t ivcx  t e i ; ~ p c r a t u r e  f o r  co : l~pos i t ions  L! and C seems 

t o  be  n e a r e r  L O Q O O K ,  a l thoi lgh  t h e  h i g h  a c e t y l e n e  c o n c e n t r a t i o n  

f o r  t h e s e  compounds ? r e s e n t s  an anornoly, The e f f e c t i v e  tcmnera-  

t u r e  a t  con lpos i t ion  t l  i s  i n d e f i n i t e  s i n c e  t l ;e  mole f r a c t i o n s  o f  

t h e  rna j o r  cornpounds c a n n o t  be  s p e c i f i e d  rsrith i n  a  t e m p e r a t u r e  r a n g e .  

The t e n p e r a t u r e  of t h e  g l o ~ r  d i s c l l a r g e  produced by A ,  B and C i s  

e x p e c t e d  t o  be lower  t h a n  t h e  t e r l p e r a t u r e  o f  t h e  f lame p l a s ~ a  

procluced by  il, E and F s i n c e  t h e  glow cf ischarge i s  n e i t h e r  a s  

dense  n c r  as w e l l  d e f i q e d  as  t h e  f lame p lasma.  

I t  was n o t  n o s s i b l e  t o  n e z s u r e  t h e  t e r i>pe ra tu re  o f  t k e  p l a s ~ i i a ,  

s i n c e  e l e c t r i c a l  r le thods must be e l i m i n a t e d  because  o f  t h e  f i e l d  

produced by t h e  2.c. c o i l  and o p t i c a l  methods canno t  be  itsed be-  

c a u s e  o f  t h e  a s p h a l t  d e y o s i t ,  I t  i s  a l s o  n o t  p o s s i b l c  t o  s a y  

p r e c i s e l y  w h e r e  t h e  r c a c t i o n s  a r e  o c c u r r i n g ,  and t h e r e  must b e  a  

f a i r l y  s t e e p  t e m p e r a t u r e  g r a d i e n t  from t h e  c e n t e r  o f  t h e  c o i l  

a l o n g  t h e  r e a c t i o n  t u b e .  The f a c t  t h a t  s o l i d  fo rn la t ion  j s  s e e n  

t o  o c c u r  a t  t h e  c e n t e r  o f  t h e  c o i l  shows t h a t  c o n s i d e r a b l e  r e a c t i o n  

must o c c u r  i n  t h i s  r e g i o n .  FIov~ever a s  t h e  p a r t i c l e s  f1o1.1 th rough  

t h i s  r e g i o n  t h e y  must  s t i l l  be  i n  a  h ig l l ly  e x c i t e d  s t a t e ,  and 

r e a c t i o n  can  o c c u r  a t  p o s i t i o n s  f u r t h e r  a l o n g  t h e  r e a c t i o n  t u b e ,  

E s t i n a t e s  o f  t h e  te i - lpera ture  a t  t h e  c e n t e r  o f  s i m i l a r  :>lasmas 

have  been  made by Dodonova 0954) and ~ ~ o u l d ,  e t  2 1, (1960) 1~~110 r e p o r t  

t h a t  t h e  t r a n s l a t i o n a l  t e r ~ r p e r a t u r e  i s  i n  t ? l e  r a n g e  4000-2000~1:.  

T h i s  may be used. t o  e x p l a i n  t h e  l a r z e  anoun t  of  a c e t y l e n e  ~ e 3 s u r e d  

i n  t h e s e  e s q e r j r l c n t s ;  i t  i s  p o s t u l n t e c !  tJ i i7- t  the e n u j l i b r i u n  i s  v e r y  



n e a r l y  comple t e  i n  t h e  c e n t r a l  r e g i o n  o f  the plas~ ' !o ,  and  i s  

m o d i f i e d  w j  th t h e  t e n ) p e r a t u r t  grac l jen t  a s  t h e  gas  f lows  a l o n z  

t h e  t u b e ,  u r , t i l  t h e r e  i s  no l o n g e r  a  s u f f i c i e n t  r,c~nber of 

m o l e c u l e s  i n  an e x c i t e d  s t a t e  t o  overcome t h e  a c t i v a t i o n  e n e r g y  

f o r  t h e  r e ? c t i o n ,  

Thus t h e  p r o d u c t  c o n c e n t r a t i o n  canno t  be aclequatelj-  e x p l a i n e d  

by a t r u e  thermodynm.ic e q u i l i b r i u m  a t  a p a r t i c u l z r  t c ; ~ : p e r a t u r e ,  

b u t  i s  b e t t e r  e x p l a i n e d  i n  t e r n s  o f  a q u a s i - e q u i l i . b r i u ~ 1  a l o n ~  a 

t e m p e r a t u r e  g r a d i e n t .  
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TABLE I 

Expcri~i tcntrxl  C- I ! -0  Cornpositio~ls Used in the P1as r . t~  Reactions 

C o n p o s i t i o n  -- -- Compound - .  % Carbon % i lydroqen - % Oxygen 

A Formic  Acid  20 

B A c e t i c  Acid  25 

Me thano l  1 6 , 7  66 .7  1 6 , 7  

E t h a n o l  .2 2 .2  66 .7  11.1 

A c e t a l d e h y d e  

Ace tone  30 6 0  1 0  

h!etllyl A c e t a t e  

E t h y l    or mate 



TABLE I1  

Comparison o f  t h e  R e l a t i v e  D i s t r i b u t i o n  o f  Proclucts  fro111 Two Isomers 

Peak C o m ~ o n  - 



TABLE 111 

The P r o d u c t i o n  of  Sic;ple i !o l ecu les  from C-I! -0  S y s t c n s  

Composi t ion , A s p h a l t  

***  Between 2 0  and 1 0 0 %  

* *  E:etrt:een 2 anr?, 2 0 %  

* D e t e c t a b l e ,  . b e l o x  2 %  

- Not d e t e c t e d  



TABLE I V  

Composition A 

500 ,0393 ,0005 ,7275 .2328 - 
1000 ,3506 ,2987 ,3506 - - 
1100 ' ,3333 ,3333 ,3333 - - 

Experinental ,354 ,385 ,263 n , o .  x.0 

5 0 0 

1000 

1100 

1200 

1.300 

1400 

1500 

2000 

Experinental 



TRI?LE TI? ( c o n t  ,) 

C I-! 4 



TAELE IV ( c n n t , )  

C o m p o s i t i o n  -. E 

I 

500  

E x p e r i m e n t a l  

C o r n n o s i t i o n  F 

1 2 0 0  , 6 6 7 2  , 2 9 6 2  - , 0 3 0 8  , 0 0 2 5  

1 3 0 0  , 6 8 9 6  , 2 8 5 2  - , 0 1 2 4  , 0 0 9 9  

1 4 0 0  , 6 7 6 0  , 2 8 6 8  - . 0 0 5 5  , 0 3 1 7  

1 5 0 0  , 6 3 9 4  . 3 5 5 2  , 0 0 2 3  , 0 8 4 2  

2000 , 5 0 0 0  . 2 5 0 0  - - , 2 5 0 0  ' 

E x p e r i m e n t a l  , 6 0 6  , 3 0 3  n , o ,  , 0 1 3  , 0 7 8  

- < 0 , 0 0 0 1  
n . 0 ,  n o t  o b s e r v e d  


